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Introduction:
Understanding the excited state optical properties of small organic molecules is important for many areas of science and technology, including their potential application in molecular optoelectronics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] As compared to their inorganic analogues, they are relatively easy to synthesize at lower cost and they are gaining further attention because of their potential applications in nano scale physics. [20] [21] [22] [23] [24] [25] [26] [27] A wide range of small organic molecules is currently under spectroscopic investigation by many groups. Examples of this class of molecules include linear pi-conjugated systems with acetylene bridges, ethyl bridges, phenyl bridges, heterocyclic aromatic bridges, etc. 28 Such systems have potential applications in organic light emitting diode (OLEDs), organic light-emitting transistors (OLETs), stable multilevel organic memory devices (OMDs), organic field effect transistors (OFETs) and in organic photovoltaics (OPVs) where light energy is converted to electric energy. Moreover, the molecular geometry in both the ground and excited state plays a vital role in controlling the optical properties of such systems. The specific design of such systems allows tuning their HOMO-LUMO gap from the deep UV to the NIR region, which is useful for generating whitelight.
In this report, we discuss the excited-state structural dynamics of bis(phenylethynyl)benzene (BPEB) (see figure 1a) , a cylindrical pi-conjugated system having acetylene linkers that connect the aromatic phenyl rings. Such systems (also known as molecular wires) are well known for their high fluorescence quantum yield (~ 0.7-0.9). [29] [30] In the ground state, the rotational barrier about the CC single bonds that connect the acetylene linkers and phenyl rings is of the order of kT. [30] [31] [32] Therefore, at Page | 4 room temperature all possible torsional conformers, with either the middle-ring twisted (MRT) or one of the terminal ring twisted (TRT), will be present at significant levels.
Such a wide distribution of rotational isomers makes the ground state absorption spectrum rather broad, although some vibronic structure can still be discerned. [32] [33] The excited state structure of BPEB is still elusive because the transient absorption (TA) spectra are even broader. A time-resolved fluorescence study by Beeby and coworkers showed that the fluorescence intensity of the blue part of the fluorescence spectra increases up to 50 ps. 29 This unusual behavior was attributed to structural reorganization of the Franck-Condon state after electronic excitation. Time-resolved picosecond Raman band intensities also showed a gradual increase in intensity with time up to 50-60 picosecond during the excited state evolution of BPEB after photo-excitation at 267 nm. 
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Our previous report on time-resolved TA and ultra-fast Raman loss spectroscopy (URLS) of BPEB upon 307 nm photo-excitation concerns the multi-exponential kinetic behavior observed in different solvents. 34 The longest lifetime component obtained from femtosecond TA was consistent with the fluorescence lifetime (~500-600 ps) reported in the literature. 29, 34 The time dependent integrated peak area/intensity of three major
Raman bands (2126 cm -1 , 1573 cm -1 and 1130 cm -1 modes) showed a biphasic increase, as concluded from transient URLS measurements for the same excitation wavelength.
This biphasic behavior after photo excitation at 307 nm was assigned to two phases of planarization. Vibrational frequencies of a few major Raman bands, i.e., CC double bond and CC triple bond stretches, showed a redshift at sub-picosecond timescales, followed by a slower blueshift at tens of picoseconds timescales. The initial redshift is due to the ultrafast relaxation from the initially excited Franck-Condon geometry. [35] [36] [37] On the other hand, the slow rise (~ 20-24 ps) is assigned to vibrational relaxation (vibrational cooling) of high frequency vibrations, coupled to torsional relaxation of the terminal and central phenyl rings. The kinetics were very complex because at room temperature BPEB exists as a mixture of conformers, that can all be excited at 307 nm. Therefore, in this paper we have decided to explore the effect of different pump wavelengths to selectively excite different populations of conformers.
In this current report, we discuss the origin of the two phases of planarization of optically excited BPEB. Along with TA and URLS with selective excitation, a computational study (Franck-Condon analysis) was also carried out to obtain structural insight into the complex nature of the excited state geometry of BPEB. The room temperature absorption spectrum of BPEB is quite broad in solution phase where the
vibronic structure is less evident, as shown in figure 1b. Our computational studies (vide infra) show that conformers with the three phenyl rings in the same plane could produce an absorption spectrum that is quite similar to the low temperature absorption spectrum reported by Chu and Pang. 38 Gradual twisting of the central phenyl ring produces a room temperature absorption spectrum. So, the red part of the absorption spectrum contains nearly planar or planar structures exclusively, while the blue part of the spectrum contains both terminal and central ring twisted structures. Therefore, for this work, the excitation pump pulse was chosen in such a way so that it can selectively excite different conformers. At 285 nm the photo pump excites predominantly the twisted conformers, while at 347 nm it can selectively excite the (nearly) planar, minimum energy conformers. We subsequently measured the ultrafast excited-state dynamics of these different populations of conformers in order to observe the effect of the starting conformations on the S 1 decay dynamics of this acetylene pi-conjugated system. The excited-state dynamics of these different sub-sets of populations are discussed using both fs-TA and transient URLS results.
Experimental and computational methods:

Ground state absorption studies:
Bis(phenylethynyl)-benzene was prepared via the Sonogashira coupling reaction and the purity was tested as reported earlier. 34 The ground state absorption spectrum of BPEB was recorded using a Shimadzu UV-Vis Spectrophotometer, model UV-2600 at 20
µM concentration in acetonitrile in a 1-cm path length quartz cuvette. The absorption was processed using UVprobe-2.50 software which is supplied as standard with the Page 6 of 39
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spectrophotometer. The spectral range was set from 250-700 nm with a sampling interval of 1 nm and a spectral bandwidth of 2 nm. A reference spectrum was first collected using only solvent and auto zero. All studies were performed at room temperature. Figure 1b shows the absorption spectrum of 20 µM BPEB in acetonitrile solvent at room temperature (25 0 C). The peak at 337 nm corresponds to the 0 0 transition for planar rotamers, while the peaks at 316 nm and 306 nm can be related to a combination of vibronic progressions as suggested by Chu and Pang 38 and also due to the existence of a mixture of twisted ground state conformers as depicted in figure 1b.
Femtosecond TA and transient URLS spectroscopy:
Details of the experimental setup have been described previously. 34 Briefly, femtosecond transient absorption and URLS spectroscopy were performed using a homebuilt setup [39] [40] The picosecond pulse (having 1 ps pulse duration and 14 cm -1 spectral bandwidth) being narrow in the frequency domain provides the spectral resolution and the Cross correlation of actinic pump and whitelight probe determines the time resolution of the transient Raman experiment. [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] A schematic diagram for both TA and URLS measurements is given in figure 2.
Computations:
2.3.1. Geometry optimization and FC spectrum simulation:
The ground state structure of BPEB was optimised with the B3LYP/cc-pVDZ method with integral equation formalism-polarizable continuum solvent model [53] [54] [55] [56] [57] [58] [59] as implemented in Gaussian 09 (G09) suite. 60 The excited state structure of BPEB was optimized with time dependent-density functional theoretical formalism [61] [62] as employed in G09 suite with the same method as for the ground state. Frequency analysis with harmonic approximation was performed on the optimized ground state and excited state structures of BPEB and no imaginary frequencies were obtained indicating that the Page | 10 optimized structures correspond to local minima. The Franck-Condon (FC) spectrum simulations were performed (as implemented in G09 [63] [64] [65] ) for different torsional angles (C4-C3-C14-C16 and C19-C21-C26-C28 in anti-clockwise direction) i.e. from 0 -20 degrees in steps of 5. The FC spectra were simulated by rigid scanning along the torsional angle (described above) in the ground state and for a fixed optimized structure in the excited state to observe the conformational dependence on the FC spectrum. The FC stick spectra (not shown) were convoluted with a Gaussian profile to account for solvent inhomogeneous broadening with a full width half maximum value of 270 cm -1 as employed in G09.
Results:
Torsional angle dependent vibrationally resolved electronic spectra:
Generally, electronic absorption spectra are simulated by calculating the vertical excitation energies of the optimized ground state geometry. [66] [67] [68] [69] [70] This procedure yields stick spectra (infinitesimally small line width) which can be convoluted with user defined Gaussian or Lorentzian functions of a definite line width. By adopting the Franck-Condon principle (nuclei are fixed in position coordinate during electronic transitions) for calculating the transitions between two vibronic states. 71 Thus the simulated spectra by computing the transitions between vibronic states are shown in figure 3 . It is evident that for the 0 degree twist (twist angle refers to the twisting angle of the middle-ring with respect to the terminal rings) in the ground state, the simulated vibronic spectrum matches with that of the low temperature experimental absorption 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page | 12 assignments of the absorption spectra. A previous assignment was given by Chu and Pang 38 , who interpreted the fine structure in the low temperature absorption (and emission) spectra as a progression series of about 1100 cm -1 . This was done by subtracting each value from the next higher value in wavenumber. However, if it is done by subtracting from the 0-0 transition only, it yields reasonable numbers that match with the calculated high frequency vibrations and with the excited state Raman bands. These values along with their assignments are shown in Table 1 . Table. 1.Vibronic bands obtained from the literature 38 and from our simulated absorption spectrum (as shown in Fig.3 ) Literature value (-198˚ C) from low temperature absorption study
Modes assignment Page 12 of 39
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Bond lengths in the ground and excited optimized geometry:
If we consider the planar conformer, the symmetry of the molecule is the same (C 2h ) in both ground and excited states considering that all the phenyl rings are in the same plane. In the ground state optimized geometry, the three phenyl rings have a benzenoid structure and hence the electron cloud is delocalized over the rings. However, there is a variation in bond length due to the effect of the acetylene moieties attached to the phenyl rings. This causes the C 14 -C 16 bond length to be 1.414 Å and the C 16 -C 19 bond to be 1.390 Å, as shown in Table 2 . This effect becomes much more pronounced in the excited state optimized geometry, which is quite different from the ground state. The two terminal rings maintain the benzenoid structure but the central phenyl ring adopts a much more quinoidal structure in the excited state optimized geometry (also see figure S1 in the Supporting Information). The C 14 -C 16 bond length increases from 1.414 Å to 1.445 Å, MOs depict the electron density of BPEB in the ground and excited states, similar to the literature. 29 The excited state MOs show a more quinoidal structure which is not observed in the ground state (see figure S2 in Supporting Information).
Transient Absorption measurements:
Femtosecond transient absorption measurements of BPEB were carried out for different excitation wavelengths. This study was performed in acetonitrile solution at room temperature at 200 µM concentration in a 1-mm pathlength cuvette. As discussed above, the blue edge of the spectrum consists mostly of twisted conformers and the red edge consists almost exclusively of planar conformers, where all phenyl rings are in the same plane, therefore the two selected excitation wavelengths were 285 nm and 347 nm.
We note that the results obtained for 307 nm excitation have been reported earlier. 34 The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page | 15
TA spectrum (b) at 0.1 ps is quite broad and contains a shoulder around 550 nm which becomes sharper with time. The ultrafast redshift of the blue flank of the TA spectrum is clearly visible after normalization, as shown in figure 4c . This redshift is not observed for 347 nm excitation, as shown in figure 4e and 4f (normalized). At longer time delays around 1000 ps, a triplet species appears as a shoulder at 500 nm which is consistent with literature reports. 29 The measured transient kinetics for all wavelengths and all time Page | 16 points were fitted globally using tri-exponential functions and de-convoluted with the instrument response function (kinetic traces for few wavelengths along with their exponential fitting are shown in figure S3 in the supporting information). Global fitting for 285 nm yields three time constants: 0.4-0.6 ps, 20-24 ps and 515-567 ps, which is consistent with our previous report. 34 The corresponding species associated spectra obtained from global analysis are shown in figure 5a . The first component is blue shifted and broader as compared to the other two components and the observed amplitude is relatively low. The time constant associated with this ultrafast component is 0.4-0.6 ps.
The spectral features and the λ max of the other two components are very similar (Fig. 5a) except that the time constant of to the 2 nd component is 20-24 ps (see Table 3 ). However, the 3 rd species decays with a longer time scale, ~515-570 ps, which is consistent with the fluorescence lifetime of the BPEB molecule in solution phase. 29 Excitation at the very red edge of the absorption spectrum (at 347 nm) yields quite different results (Fig. 5b) . The spectral features are similar, but the global analysis yields two time constants: the first component is of ~ 20 ps with a very limited population contribution as shown in figure 5b and the second component is of~ 537 ps. This is consistent with 285 nm and 307 nm excitation, except that the ultrafast component is absent. The time constants obtained for different excitations are given in Table 3 . Table 3 . Rate constants obtained from global analysis of the TA spectra for three different excitation wavelengths.
a Data from our previous report.
34
Transient Raman measurements:
For ultrafast stimulated Raman scattering, the excited state resonance condition was utilized to achieve a sufficient signal-to-noise ratio. The excited state Raman signals were detected in URLS mode at the anti-Stokes side of the whitelight probe for different time delays. The transient Raman spectra contain several high frequency vibrations such as CC triple and CC double bond stretches and inner and outer phenyl ring CH bending vibrations. All these vibrations are highly Franck-Condon active and have been assigned in our previous report. 34 The excited state Raman spectra for the different time delays are shown in figure 6 for the 285 nm and the 337 nm excitations. We note that the red edge 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page | 19 for the blue-shift in case of the CC triple bond and 20-21 ps in case of the CC double bond stretching vibrations. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 4 for different excitation wavelengths.
Discussion:
As discussed above, at room temperature BPEB exists as a mixture of various rotational conformers. At room temperature, it can exist as either planar, terminal rings twisted (TRT) or middle ring twisted (MRT) conformers. 72 These torsional conformers have a significant impact on the electronic absorption spectrum as well as the ultrafast excited state dynamics. In the ground state geometry, the normal mode frequency for the terminal ring twist is 12 cm -1 and for the central ring twist it is 40 cm -1 as obtained from DFT calculations using the B3LYP/cc-pVDZ level of method. It has been shown that the torsional angle has a dramatic effect on the S 0 and S 1 states. 72 Upon twisting of any ring from planarity, the potential energy for torsion increases gradually; the maximum torsional potential is found for 90˚ twists. Interestingly, the terminal ring twist and the middle ring twist correspond to different torsional potentials. According to the DFT-B3LYP (ground state) and TDDFT-B3LYP (excited state) calculations by Fujiwara et al., 72 twisting of one of the terminal rings has much less effect on the torsional potential as compared to middle ring twist. For example, for a 30° twist of a terminal ring, the relative change in potential energy is ~100 cm -1 in the ground state, but for middle ring twist the change in potential energy is ~200 cm -1 (twice as high as expected).
72
Therefore, at room temperature, the extent of twisting would be larger for the terminal 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page | 21 rings in terms of torsional angle, whereas, for a middle ring the twisting angle is rather limited, since the relative torsional energy at 25˚C is equivalent to kT for such twists.
Temperature dependent absorption studies in solution phase show major changes with temperature: the room temperature absorption spectrum and the -198˚C absorption spectrum have completely different profiles. 38 At room temperature, the strongest peak appears around 316 nm and the second one appears at 337 nm, whereas at very low temperature the strongest peak appears at 337 nm and the second intense peak at ~320
nm. This agrees with the FC calculation of figure Based on our femtosecond transient absorption results and computational studies it is evident that the S 1 excited state of BPEB exhibits three phases of excited state dynamics. We hypothesize that the three components observed in the TA experiment at 285 nm excitation could originate from different populations of conformers. We believe that the ultrafast component ~400 fs can be attributed to the middle ring twisted (MRT) species based on the following. It is known that the torsional barrier for the MRT conformer is around 6000 cm -1 (15 kcal/mole) in the excited singlet state 33, 72 and upon Franck-Condon excitation from the ground state, MRT experiences a very steep potential in the S 1 surface, which causes it to relax very fast to a more planar geometry. As a result of the relatively low population in the ground state, only a fraction of the total number of excited molecules relaxes in this fashion, which is also evident from the decay associated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 species, which can originate from species that were near planar in the ground state and also from originally twisted species after S 1 relaxation. The absence of middle ring twisted structure is reflected in the species associated spectra (in figure 5b) which do not contain the ultrafast sub-picosecond component.
The vibrational energy relaxation of excited BPEB during its planarization is especially reflected in the high frequency Raman modes: the CC double and CC triple bond stretch vibrations. The initial fast down shift and slower up-shift of these high frequency vibrations are also discussed in our previous report. 34 The time constants obtained for 285 is completely absent in the case of 337 nm excitation. This is in agreement with the fact that the red edge excited sub-population exists almost exclusively as planar conformers.
Furthermore, excitation into the red flank results in only very little excess energy, so there is no vibrational cooling observed for the high-wavenumber vibrations after 0-0 excitation, also in agreement with the unchanged full width at half maxima of the TA spectra in figure 4d-f.
Conclusion:
This report presents the direct observation of the excited state planarization dynamics of different conformational isomers of excited bis(phenylethynyl)-benzene. The effect of phenyl ring rotation on the absorption spectrum has been studied using computational methods. Franck-Condon analysis shows that the middle ring twist has a significant effect on the absorption spectrum as compared to the terminal-ring twist as calculated by Fujiwara et al. 72 Excitation wavelength dependent TA at the blue edge (285 nm) and red edge (347 nm) of the ground state absorption spectrum of BPEB clearly reveals the different dynamics of twisted and planar conformers. At 285 nm photo pump excitation, an ultrafast component was observed apart from two slower components. This 
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